We construct a simple model for describing the hadron-quark crossover transition by using lattice QCD (LQCD) data in the 2+1 flavor system, and draw the phase diagram in the 2+1 and 2+1+1 flavor systems through analyses of the equation of state (EoS) and the susceptibilities. In the present hadron-quark crossover (HQC) model, the entropy density s is defined by s = fHsH + (1 − fH)sQ with the hadron-production probability fH, where sH is calculated by the hadron resonance gas model valid in low temperature (T ) and sQ is evaluated by the independent quark model that explains LQCD data on the EoS in the region 400 < T ≤ 500 MeV for the 2+1 flavor systems and 400 < T ≤ 1000 MeV for the 2+1+1 flavor system. The fH is determined from LQCD data on s and susceptibilities for the baryon-number (B), the isospin (I) and the hypercharge (Y ) in the 2+1flavor system. The HQC model is successful in reproducing LQCD data on the EoS and the flavor susceptibilities χ (2) f f for f, f =u, d, s in the 2+1+1 flavor system, without changing the fH. We define the hadron-quark transition temperature with fH = 1/2. For the 2+1 flavor system, the transition line thus obtained is almost identical in µB-T , µI -T , µY -T planes, when the chemical potentials µα (α = B, I, Y ) are smaller than 250 MeV. This BIY approximate equivalence persists also in the 2+1+1 flavor system. We plot the phase diagram also in µu-T , µ d -T , µs-T , µc-T planes in order to investigate flavor dependence of transition lines. In the 2+1+1 flavor system, c quark does not affect the 2+1 flavor subsystem composed of u, d, s. The flavor off-diagonal susceptibilities are good indicators to see how hadrons survive as T increases, since the independent quark model hardly contributes to them. T dependence of the off-diagonal susceptibilities and the fH show that the transition region at µα = 0 is 170 < T < 400 MeV for both the 2+1 and 2+1+1 flavor systems.
I. INTRODUCTION
Lattice QCD (LQCD) is the first-principle calculation of QCD, and has been providing a lot of information on hot QCD. Recently, the continuum and thermodynamic limits were taken in 2+1 flavor LQCD simulations [1] , and it was confirmed that the chiral and deconfinement transitions are crossover at zero chemical potential.
As an approach alternative to LQCD simulations, we can consider effective models. This approach is useful for the physical interpretation of LQCD data and the prediction of physical quantities that are difficult to calculate in LQCD simulations. Recently, the Polyakov-loop extended Nambu-JonaLasinio (PNJL) type models have been used extensively, since they can treat both the chiral and the deconfinement transitions [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In the PNJL-type models, the pseudocritical temperature of the deconfinement transition is almost equal to or lower than that of the chiral transition. For the 2 flavor system, the PNJL-type models well explain LQCD data [11] [12] [13] [14] , since the two transitions take place almost simultaneously in LQCD simulations. For the 2+1 flavor system, however, LQCD shows that the chiral-transition temperature is considerably lower than the deconfinement-transition one [1, 15] . For this reason, it is not easy for the PNJL-type models to ex-plain the chiral and deconfinement transitions simultaneously. It is thus important to construct a reasonable effective model for the 2+1 flavor system. Now our discussion moves to the 2+1 flavor system composed of up (u), down (d), strange (s) quarks. For low temperature (T ), the hadron resonance gas (HRG) model reproduces LQCD data on the equation of state (EoS) and the baryon-number (B) susceptibility [16] [17] [18] . In addition, below the chiral-transition temperature, the absolute value of chiral condensate is explained by HRG+chiral perturbation theory (χPT) [19] . Recently, it was reported that the HRG model also accounts for LQCD data on T dependence of the Polyakov loop [20] . These results suggest that the hadron degree of freedom is important in QCD phase transitions, although it is not treated explicitly in the PNJL-type models.
Recently, the EoS, the baryon-number susceptibilities χ (n) B (n = 2 ∼ 4) and the isospin (I) susceptibility χ (2) I
were well described by hadron-quark hybrid models [21, 22] . This model also reproduces qualitatively that the chiral-transition temperature is lower than the deconfinementtransition one [22] . In the hadron-quark hybrid model of Ref. [21] , the pressure P is defined by P = f (T, {µ α })P H (T, {µ α })
where the µ α are the chemical potentials of quantum numbers α = B, I and hypercharge Y . The hadron piece P H is calculated by the HRG model with the excluded volume and the quark-gluon piece P Q is evaluated with perturbative arXiv:1704.06432v3 [hep-ph] 13 Jul 2017
QCD [21] . Here, the fraction factor f (T, {µ α }) is determined so as to reproduce LQCD data on P and the interaction measure. The other thermal quantities are obtainable from P . Alternatively, one can start with the entropy density
and calculate the other thermal quantities from s [23] . As an advantage of this approach, T dependence of s cannot be free. In fact, the T dependence should satisfy the thermodynamic inequality and the Nernst's theorem [24] :
In this paper, this condition is automatically satisfied, since we use LQCD data as s. In Eq. (2), the factor f H means the hadron-production probability. When f H (T, {µ α }) = 1 (0), the system is in the hadron (quark) phase composed of hadron (quark-gluon) matter only. In principle, the factor f H is determinable from LQCD data on s, if s H and s Q are given. The hadron-quark hybrid model of Ref. [22] takes Eq. (2), and the hadron piece s H is obtained by the HRG model and the quarkgluon piece s Q is by the simple quark model in which an adjustable parameter is introduced so as to reproduce LQCD data [25] on s(T, 0) at T = 300 MeV. The quark model is a simplified version of PNJL model: Namely, this model takes account of the coupling between the quark field and the homogeneous classical gauge field, but does not treat the quarkquark couplings that are expected to be not important above the chiral-and deconfinement-transition temperatures. We refer to the simple model as "independent quark (IQ) model" and the hadron-quark hybrid model of Ref. [22] as "hadronquark crossover (HQC) model" in this paper. Lately, state-of-art LQCD data on the EoS and the flavor diagonal and off-diagonal susceptibilities, χ f f , became available for the 2+1+1 flavor system [25, 26] in addition to the case of the 2+1 flavor system [25, 27] , where f =u, d, s for the 2+1 system and f =u, d, s, charm (c) for the 2+1+1 flavor system. It is an interesting question how c quark behaves in the 2+1+1 flavor system.
When the current quark mass m is infinity, Z 3 symmetry is exact and the Polyakov loop is an order parameter of the spontaneous Z 3 symmetry breaking. Dynamical quark with finite m breaks Z 3 symmetry explicitly through the temporal boundary condition for quark. For the 2+1 and 2+1+1 flavor systems, it is not clear that the Polyakov loop is still a good order parameter of the confinement-deconfinement (hadronquark) transition. As a reasonable assumption, we define the hadron-quark transition temperature by the condition f H = 1/2. Another interesting question is how the phase diagram is in µ B -T , µ I -T , µ Y -T planes and also in µ u -T , µ d -T , µ s -T , µ c -T planes, where µ f (f =u, d, s, c) is the chemical potential for f quark.
In this paper, we reconstruct the HQC model by using new LQCD data [25, 27] in the 2+1 flavor system, and draw the phase diagram in the 2+1 and 2+1+1 flavor systems through analyses of the equation of state (EoS) and the susceptibilities.
In the previous work of Ref. [22] , the IQ model had the momentum cutoff Λ T in the thermal quark-loop term of P Q . The cutoff Λ T was introduced as an adjustable parameter to reproduce LQCD data [28] on s at T = 300 MeV, where the data were available in T ≤ 400 MeV. Recently, however, we found that the IQ model begins to underestimate new LQCD data [25] as T increases from 400 MeV; here, LQCD data on s were deduced from new LQCD data [25] on P by differentiating P with respect to T and thereby LQCD data on s became available in T ≤ 500 MeV. We then reformulate the IQ model slightly so that the model can explain the new data in 400 < T ≤ 500 MeV where the data is consistent with NNLO hard thermal loop (HTL) perturbation [29] .
In the HQC model, f H (T, {µ α }) is determined from LQCD data on s, the baryon-number susceptibility χ (2) B , the isospin susceptibility χ f f in the 2+1 flavor system. In particular, the off-diagonal susceptibilities χ (2) f f (f = f ) are good indicators to see how hadrons survive as T increases, since the IQ model hardly contributes to the off-diagonal susceptibilities [30] . In practice, the upper limit of the transition region is clearly determined by the off-diagonal susceptibilities. We then determine the transition region for the 2+1 flavor system with zero chemical potential from T dependence of f H (T, 0) and the off-diagonal susceptibilities.
Next, we draw the phase diagram in µ B -T , µ I -T , µ Y -T planes. The transition lines are almost identical in these planes, when µ α < 250 MeV. This property is referred to as "BIY approximate equivalence" in this paper. What is the nature of BIY approximate equivalence? This is discussed. We also plot the phase diagram in µ u -T , µ d -T , µ s -T planes to see flavor dependence of hadron-quark transition lines.
The HQC model is applied to the EoS and the χ f f in the 2+1+1 flavor system without changing the f H (T, {µ α }). The HQC model succeeds in reproducing LQCD data on the EoS and the χ (2) f f for f, f =u, d, s, and explains χ (2) cc qualitatively. We then determine the transition region for the 2+1+1 flavor system with zero chemical potential from T dependence of f H (T, 0) and the off-diagonal susceptibilities, and investigate the role of c quark in the 2+1+1 flavor system. Finally, we draw the phase diagram in µ B -T , µ I -T , µ Y -T , µ Y -T planes to see whether BIY approximate equivalence persists in the 2+1+1 flavor system, and plot the diagram in µ u -T , µ d -T , µ s -T , µ c -T planes to investigate flavor dependence of hadron-quark transition lines. This paper is organized as follows. In Sec. II, we recapitulate the HRG model and reformulate the IQ model without the cutoff Λ T . We review the HQC model. Numerical results are shown in Sec III. Section IV is devoted to summary.
II. MODEL BUILDING
We reformulate the hadron-quark crossover (HQC) model of Ref. [22] . This model consists of the hadron resonance gas (HRG) model reliable for small T and the independent quark (IQ) model reasonable for large T .
For later convenience, we define several kinds of chemical potentials. For the 2+1 flavor system, we represent the chemical potentials of u, d, s quarks by µ u , µ d and µ s , respectively. These potentials are related to the baryon-number (B) chemical potential µ B , the isospin (I) chemical potential µ I and the hypercharge (Y ) chemical potential µ Y as
for the 2+1 flavor system. As for µ I and µ Y , the righthand side of Eq. (4) stems from the diagonal elements of the matrix representation of Cartan algebra in the special unitary group SU (3); namely,
t . Equation (4) gives
The coefficients on the right-hand side of Eq. (5) correspond to the quantum numbers of u, d, s quarks. In this sense, the definition (4) is natural.
Also in the 2+1+1 flavor system, we can define the following relations by using Cartan algebra in the special unitary group SU (4) for µ I , µ Y and µ Yc :
where the quantum number Y c has been defined by Y c = (3/4)B − C with charmness C. Equation (6) leads to
This final form is also natural, since the coefficients on the right-hand side of Eq. (7) are the quantum numbers of u, d, s, c quarks. Equation (6) is thus a natural extension of Eq. (4).
A. Hadron resonance gas model
For the hadron phase at low T , we use the HRG model. In the HRG model, the thermodynamic potential density Ω H is described by free hadron gases. For convenience, Ω H is divided into the baryonic piece Ω B and the mesonic one Ω M :
with
and
for
is the mass and the chemical potential of the i-th baryon (j-th meson), respectively. In Eqs. (9) and (10), all the hadrons listed in the Particle Data Table [31] are taken; note that hadrons composed of u, d, s (u, d, s, c) quarks are picked up for the 2+1 (2+1+1) flavor system. The pressure P H and the entropy density s H are obtained from Ω H as Figure 1 shows the entropy density s and the pressure P as a function of T for the 2+1 flavor system with zero chemical potential. The HRG model (dotted line) well reproduces LQCD data [25, 28] in T < 170 MeV for s and T < 190 MeV for P . The hadron phase is thus realized in T < 170 MeV. Figure 2 is the same as Fig. 1 , but for 2+1+1 flavor system with zero chemical potential. The HRG model well explains LQCD data [25] in T < 190 MeV for the pressure and T < 170 MeV for the entropy density. We find from Fig. 2 that the hadron phase is realized in T < 170 MeV.
B. Independent quark model
Next, we consider the quark phase that may appear in the region T ≈ 400 MeV where LQCD data is consistent with NNLO HTL perturbation [29] . As shown later in Fig. 3 , the entropy density calculated with LQCD simulations is about 80% of the Stefan-Boltzmann limit value even at T = 500 MeV. This means that the massless ideal-gas (massless-free-particle) model does not work. For this reason, we consider the PNJL model without any quark-quark direct interactions, since the interactions are expected to be not important above the hadron-quark transition temperature. In the model, quarks interact with the gluon field A µ by the gauge coupling g, but the spatial parts A i (i = 1, 2, 3) are neglected and only the temporal part A 0 is treated as a stationary and uniform background field. In this sense, we call this model "independent quark (IQ) model".
As the gluonic action, we take the Polyakov-loop potential U used in the PNJL model. The Lagrangian density of this Refs. [25, 28] . In Ref. [25] , LQCD data are available for P but not for s. The entropy density s is then evaluated by differentiating P with respect to T .
model is
where m f is the current mass of f quark and D µ = ∂ µ − igA a µ λa 2 δ µ0 with the Gell-Mann matrix λ a in color space. In Eq. (13), the q f mean u, d, s quark fields for the 2+1 flavor system and u, d, s, c quark fields for the 2+1+1 flavor system. See Ref. [22] for the definition of the Polyakov-loop Φ and its conjugateΦ.
Making the path integral over quark fields, the Lagrangian (13) yields the thermodynamic potential density,
for the quark matter. The functions z + f and z − f are defined by T dependence of (a) the entropy density s and (b) the pressure P in the 2+1+1 flavor system with zero chemical potential. The dotted line means the result of the HRG model. In Ref. [25] , LQCD data are available for P but not for s. The entropy density s is then evaluated by differentiating P with respect to T .
with E f = p 2 + m 2 f . In Eq. (14), the vacuum term has been omitted, since the pressure calculated with LQCD simulations does not include the term. The pressure P Q and the entropy density s Q are obtained from Ω Q as
We take the Polyakov-loop potential of Ref. [7] :
In Ref. [7] , the parameters a 0 , a 1 , a 2 , b 3 and T 0 were fitted to LQCD data on the EoS in the pure gauge theory. In high T , the potential is dominated by the a 0 term. For this reason, the value of a 0 /2 is set to the Stefan-Boltzmann limit value (a 0 = 3.51) in the pure gauge theory, but the U thus obtained overestimates new LQCD data [32] in 400 < T < 500 MeV.
In the 2+1 flavor system with dynamical quarks, furthermore, the quarks may change the Polyakov-loop potential. In fact, even at high T such as T = 500 MeV, the pressure P calculated with LQCD simulations [25] is about 80 % of the Stefan-Boltzmann limit value in 2+1 flavor system; see for example Fig. 3 . The entropy density, obtained by differentiating P with respect to T , also has the same property. This point is discussed below. In our previous work of Ref. [22] for the 2+1 flavor system, the momentum cutoff Λ T in the thermal quark-loop term of Ω Q was determined to reproduce LQCD data [28] on s at T = 300 MeV, where the data were available in T ≤ 400 MeV. However, we found that the model result with the resulting value Λ T = 1.95 GeV begins to underestimate new LQCD data [25] as T increases from 400 MeV; here, we have evaluated the LQCD data on s from new data [25] on P measured in T ≤ 500 MeV by differentiating P with respect to T . For this reason, we do not introduce Λ T in this paper: Namely, Λ T = ∞. As mentioned above, in the 2+1 flavor system, the entropy density s calculated with LQCD simulations underestimates the Stefan-Boltzmann limit value by about 20 % even at T = 500 MeV. We then change the parameter a 0 so that the model result can reproduce the LQCD data at T = 400 MeV. The resulting value is a 0 = 0.7 × 3.51 = 2.457; see Table I for the values of parameters in U. The model result with a 0 = 2.457 well explains LQCD data on s in 400 < T ≤ 500 MeV, as shown below. For the 2+1+1 flavor system, we keep a 0 = 2.457 to hold the simplicity of model. Figure 3 shows the entropy density s and the pressure P as a function of T for the 2+1 flavor system with zero chemical potential. LQCD data are taken from Ref. [25] with large lattice. For the data, the entropy densities s have been obtained by differentiating P with respect to T . LQCD data are smaller than the result of the ideal-gas model (the Stefan-Boltzmann limit; dotted line) by about 20% even at T = 500 MeV. The IQ model with the original value a 0 = 3.51 (dashed line) underestimates the Stefan-Boltzmann limit by about 10 % at T = 500 MeV. Meanwhile, the model with a 0 = 2.457 (solid line) well explains LQCD data in the region 400 < T ≤ 500 MeV. Thus, the quark phase may be realized in T > 400 MeV. The lower limit of the quark phase is determinable clearly with T dependence of χ (2) f f (f = f ). This analysis will be made later in Sec. III. Figure 4 shows the entropy density s and the pressure P as a function of T for the 2+1+1 flavor system with zero chemical potential. LQCD calculations were done for P in Ref. [25] . The entropy density s is evaluated from the data by differentiating P with respect to T . LQCD data are about 80% of the result of the ideal-gas model (the Stefan-Boltzmann limit; dotted line) at T = 1000 MeV. The IQ model with the original value a 0 = 3.51 (dashed line) reaches about 90% of the Stefan-Boltzmann limit value at T = 1000 MeV. The model with a 0 = 2.457 (solid line) reproduces LQCD data in 400 < T ≤ 1000 MeV pretty well. Thus, the quark phase may be realized in T > 400 MeV also for the 2+1+1 flavor system. The lower limit of the quark phase can be determined precisely with T dependence of χ
This analysis is also made in Sec. III.
C. Quark-hadron crossover model
Now we consider the HQC model defined by Eq. (2) in which s H (T, {µ α }) is calculated by the HRG model of Sec. II A and s Q (T, {µ α }) is by the IQ model of Sec. II B, where {µ α } means {µ B , µ I , µ Y } for the 2+1 flavor system and {µ B , µ I , µ Y , µ Yc } for the 2+1+1 flavor system. This model is a natural extension of the model of Ref. [23] in which quarks and gluons are treated as ideal gases. The function f H (T, {µ α }) means the hadron-production probability. When f H (T, {µ α }) = 1 (0), the system consists of hadron matter (quark gluon matter) only, i.e., the system becomes the mixed phase in 0 < f H (T, {µ α }) < 1.
In this paper, we consider P (T ) and s(T ) as the EoS and several kinds of second-order susceptibilities for the 2+1 and 2+1+1 flavor systems with zero chemical potential. 
2+1 flavor system
We recapitulate the formalism of Ref. [22] . For the 2+1 flavor system, the f H (T, {µ α }) is expanded into a power series of {µ α } and is taken up to the second order:
where T c = 170 MeV [19, 33] is the hadron-quark transition temperature defined with the Polyakov loop. The form of Eq. (22) comes from two properties; (i) s is invariant under charge conjugation, i.e., the transformation
, and (ii) the system is also invariant under the interchange µ u ↔ µ d , i.e., the trans-
The pressure P with no vacuum contribution is obtainable from s as
The second-order diagonal susceptibility χ (2) α of quantum numbers α = B, I, Y is obtained as the second derivative of P with respect to the chemical potential µ α :
Particularly at
Similarly, the BY correlation susceptibility is
for finite {µ α } and
for {µ α } = 0.
Using Eqs. (23), (26), (28), one can determine f
H,α , f (2) H,BY from LQCD data on s, χ
BY at {µ α } = 0, respectively: Namely,
for γ = α, BY , where the superscript "LQCD" means LQCD data, w = 2 for γ = α and w = 1 for γ = BY , and Figure 5 shows the f Figure 5 indicates that the mixed phase appears in a region 170 < T < 400 MeV for the case of zero chemical potential.
Here, it should be noted that in Eq. (2) the hadron piece f H s H contributes to s up to 400 MeV since s H increases rapidly as T increases. The upper limit of the phase transition can be determined clearly from the off-diagonal susceptibilities. This will be shown later in Sec. III A. 
H (T ) determined in Fig. 5 . The dotted line stands for the result of the HRG model, the dashed line corresponds to that of the IQ model. In Ref. [25] , LQCD data are available for P but not for s. The entropy density s is then evaluated by differentiating P with respect to T .
We take the same procedure for f (2) H,γ (T ), where γ = B, I, Y, BY . Namely, the f . In order to confirm the accuracy of the cubic spline interpolation, we compare the original LQCD data on χ (2) γ (T ) with the corresponding HQC result (solid line) in Fig. 8 . As expected, good agreement is seen between them. Again, the HRG model (dotted line) reproduces the LQCD data in T < 170 MeV, while the IQ model well explains the data around T = 400 MeV.
One can see from Fig. 7 that the f
H,BY (T ) (32) around T = 200 MeV. The f 
H,B , the dashed line for f (2) H,I , the dotted line for f (2) H,Y , and the dot-dashed line for f (2) H,BY .
Throughout the analyses mentioned above, we have succeeded in determining f H (T, {µ α }). The f H can be described by µ f (f =u, d, s) by using Eq. (4):
H,I (T )
H,ud (T ) = 2f (2) H,B (T ) − 2f (2) H,I (T )
H,us (T ) = 2f
H,BY (T ); (37)
H,ud (T ) = f
H,du (T ) and f (2) H,us (T ) = f (2) H,ds (T ). Figure 9 shows T dependence of the f Eq. (33) as f H :
, s, c. In this case, the HQC model has no adjustable parameter for the 2+1+1 flavor system. This assumption is justified later in Sec. III B. The procedure for obtaining the EoS and the flavor diagonal and off-diagonal susceptibilities is the same as in the 2+1 flavor system. Hereafter, we neglect the superscript "2+1+1" in f 2+1+1 H , when it does not induce any confusion.
III. NUMERICAL RESULTS

A. 2+1 flavor system
In general, the pseudocritical temperature T (O) c of hadronquark (confinement-deconfinement) crossover depends on observable O considered. The definition commonly used is the peak in the T derivative of the Polyakov loop Φ. Figure 10 shows T dependence of the Polyakov loop Φ. In the HQC model, Φ is calculated by the IQ model. LQCD data are available for the 2+1 flavor system [19, 33] . Our model (solid line) reproduces the LQCD data pretty well. The pseudocritical temperature T (Φ) c = 201 MeV of our model is somewhat larger than LQCD result T (Φ),LQCD c = 170 ± 7 MeV. The model result (dashed line) for the 2+1+1 flavor system is very close to that (solid line) for the 2+1 flavor system. This indicates that c quark hardly affects the hadron-quark transition. In practice, this supports that the f H (T, {µ α }) determined from the 2+1 flavor LQCD data is applicable for the 2+1+1 flavor system, if we do not mind χ [19, 33] . Figure 11 shows the QCD phase diagram in µ B -T , µ I -T , µ Y -T planes. The symbol T c (µ α ) denotes the pseudocritical temperature of the hadron-quark transition in µ α -T plane, where the pseudocritical temperature is defined by f H = 1/2. In virtue of Eq. (32), the three transition lines almost agree with each other. Thus, the relation
is satisfied in µ α < 250 MeV. We call this relation "BIY approximate equivalence" in the present paper. As for the µ B direction, we can evaluate the fourth-order term f Figure 13 shows the flavor diagonal and off-diagonal susceptibilities, χ f f automatically. This is satisfied. Just for comparison, the results of the HRG and IQ models are denoted by dashed and dotted lines, respectively. As already mentioned in Sec. II C 1, the IQ model has no contribution for the offdiagonal susceptibilities. Noting χ (2) ud ≈ 5χ (2) us , one can see from T dependence of the off-diagonal susceptibilities that most of hadrons disappear at T = 400 MeV. The hadronquark transition thus ends up with T ≈ 400 MeV. Comparing the HQC results with the HRG and IQ ones, we can see that the transition region is 170 < T < 400 MeV. The upper limit of the phase transition can be determined more clearly with the off-diagonal susceptibilities, as shown below. Figure 15 shows the flavor diagonal and off-diagonal susceptibilities, χ (2) f f , as a function of T in the 2+1+1 flavor system with zero chemical potential. One can see good agreement between LQCD data and the HQC results for the 2+1 flavor sector, i.e., χ (2) uu , χ (2) ud , χ (2) ss , χ (2) us . This supports the statement that c quark does not affect the 2+1 flavor subsystem composed of u, d, s quarks, together with the fact that χ (2) uu , χ (2) ud , χ (2) ss , χ (2) us in the 2+1+1 flavor system are close to the corresponding susceptibilities in the 2+1 flavor system. Noting χ (2) ud ≈ 5χ uc , we can consider from T dependence of the off-diagonal susceptibilities that most of hadrons disappear at T = 400 MeV. Also for the 2+1+1 flavor system, the hadron-quark transition thus ends up with T ≈ 400 MeV. Hence, the transition region is 170 < T < 400 MeV also for the 2+1+1 flavor system with zero chemical potential.
The present HQC model neglects µ c -dependence in f H (T, {µ α }), but reproduces LQCD data qualitatively for χ (2) cc . As for χ (2) uc , both LQCD and the HQC model show the correlation between u and c quarks is negligible in the transition region 170 < T < 400 MeV. 
